Building on the results of our computer simulation 1 we develop a theoretical description of the motion of a bead, embedded in a network of semiflexible polymers, and responding to an applied force. The theory reveals the existence of an osmotic restoring force, generated by the piling up of filaments in front of the moving bead and first deduced through computer simulations. The theory predicts that the bead displacement scales like 
Introduction
Actin networks play a key role in the mechanical stability of cells and for numerous mechanochemical processes 2 such as cell locomotion on surfaces 3 and the growth of cellular protrusions 4 . The viscoelastic properties of actin networks have been extensively studied by torsional rheometry [5] [6] [7] [8] , passive one-9, 10 and two-bead 11 microrheology and force-based (oscillatory) microrheometry 12, 13 .
Recently new results using pulsed force magnetic bead microrheometry were reported 14, 15 in which three regimes of bead movement were observed, each being described by the power law α t x~ ( 1 ) where x is the bead displacement and t is the time: the short-time regime with the exponent in the long-time regime 14 .
Actin networks and constrained actin filaments were studied theoretically in a series of papers 5, 6, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] and theoretical analyses of microrheology have recently been reported in [32] [33] [34] .
Up to now no theoretical explanation of the 2 / 1 t x power law of the bead motion in active microrheology of semiflexible entangled networks has been proposed.
In the preceding paper 1 we reported the results of computer simulation of magnetic 3 bead microrheometry to study a network of semiflexible polymers modeling entangled actin filaments in an aqueous solution. The simulations revealed two regimes of bead motion. The well-known initial regime 9, 11, 21, [23] [24] [25] was characterized by the exponent 1 0.75 α ≈ .
Displacement of the bead in this regime was smaller than the network mesh size in accord with the observations 14 . It was followed by the regime with 2 0.5 α ≈ in which the bead displacement took the form:
with the exponents 2 0.5 α ≈ and 4 .
A total displacement of several mesh sizes was achieved by the end of simulation. These two regimes observed in the simulations correspond to the short-and intermediate-time regimes (above) 14, 15 and are characterized by the same exponents.
The simulations showed that, during bead motion in the intermediate-time regime, the polymers piled up in front of the bead, while the region behind the bead was almost free of polymers. Further, the simulations demonstrated that the resistance of the network to bead motion is due mainly to the steric repulsion of these piled up polymers. Finally, the simulations 1 showed that the polymers in front of the bead take part, on average, in a diffusive motion in the direction of the bead motion. The diffusion coefficient of this motion is close to the longitudinal diffusion coefficient describing the free diffusion of polymers in the bulk 1 .
Based on these findings, this paper formulates an analytical approach deriving the intermediate-and the long-time regimes and describing both the experimental observations 14, 15 and the results of our simulations 1 .
In Section 2 we deduce the force resisting the bead motion on the assumption that a clump of polymers has been formed in front of the moving bead. In Section 3 we describe the formation of the clump and obtain equations of motion of the bead in the intermediate-time
regime. In Section 4 we extend our approach to describe the long-time regime of bead motion.
In Section 5 we compare our predictions with measurements and simulations, and discuss the relation of our findings to previous experimental and theoretical results. Section 6 summarizes our results.
Osmotic force
Actin networks are well described by a reptation-tube model 26, 27 . Within this approach each filament is considered to be confined to a tube with diameter equal to the mesh size ξ accounting for the steric contribution of the surrounding filaments. This yields the free energy per filament 17, 19, 20 , 35 
In the following these segments play an important role and therefore, for the sake of brevity, we introduce a special term, "entanglement segments", for them. According to (3) each entanglement segment carries the thermal energy T k B κ .
The free energy of the network takes the form 
The pressure (7) depends on the mesh size like
. It arises due to the decrease of entropy of a filament subjected to a tube. It can be considered as the osmotic pressure of the entanglement segments.
The beads used in the measurements 14, 15 and modeled in the simulations 1 are about 5 to 10 times larger than the mesh sizes of the networks, and cannot squeeze through the network. For this reason during its motion, the bead compresses the network ahead of it, thus increasing the local concentration of filaments (Fig. 1) . The mesh size in front of the bead, f ξ = ξ , (Fig. 1 b) thus, becomes smaller than the mesh size, 0 ξ = ξ , far from the bead (Fig. 1 a).
It has been shown by the simulations that the main contribution to the resistance is due to the steric repulsion between the bead and filaments which gives rise to the pressure p exerted by the filaments on the bead surface 1 . Further, the simulations show that the filaments are piled up in front of the bead, while behind the bead a region almost free of filaments develops during its motion 1 and hence, it is a good approximation that essentially zero pressure is exerted by filaments on the back hemisphere. Thus, the force
, where R is the bead radius, acts on the front surface of the bead and resists the bead motion. One finds neighborhood of the front of the bead where the mesh size ξ is equal to f ξ . The force (8) represents the steric repulsion of the bead by the polymers piled up front of it. It is related to the osmotic pressure of the entanglement segments and we refer to it as the "osmotic force".
Equation of motion of the bead: the intermediate-time regime
In the beginning of the motion, when
, the bead response is due to a dynamic bending of a few filaments and obeys the law 
. Accordingly, the concentration,
, in the clump in front of the bead is,
Substitution of (10) into the resistive force (8) This seeming contradiction can be explained as follows. A segment of a filament which crosses the bead's path has the length of about 5µm. This is smaller than the filament contour length (≈20µm). For this reason a clump of polymers in front of the bead is connected by filament tails with the rest of the network, these tails being longer than the size of the clump (Fig. 2) . When the bead compresses the clump during its motion, the segments of those filaments in the clump undergo mainly a transverse motion. However, in order to enable such a motion, a longitudinal displacement of the tails connecting the clump with the network along their reptation tubes is required. This is shown schematically in Fig. 2 
Comparison with experiments
The creep compliance of the bead, ) (t J , defined by
was measured in the experiments reported in 14, 15 . It was found that, in each of the three regimes, the compliance could be described by the power law In Section 3 (above) and in Appendix A these regimes are described analytically. Our , which is of the order of magnitude of that observed to vary between 8 and 30s 14 .
Comparison with results of our computer simulations
Our computer simulation 1 In order to compare the analytical predictions (19) Both simulations and theory predict a linear dependence of the bead displacement on the applied force. In experiments however, a weak non-linearity was observed 14, 15 . This indicates that the experimental system possesses interactions, beyond the steric and viscous interactions included in those models, which are not accounted for either by the theory or by the model used in the computer simulation. This non-linearity observed in the forcedependence of 2 A may be due to cross linkers remaining in solvent, or divalent ions, always present in the solvents for actin, and which could act as weak cross-linkers.
An x~t 1/2 regime in other systems
A binary correlation function and a mean square displacement obeying the power law ( ) x t t < >∼ has been observed in actin networks using passive two-bead microrheometry 11 .
The network concentration and the time-domain in which such a behavior was observed 11 correspond to those in experiments using active probing of actin network 14, 15 . We note that this behavior is related to the compliance depending on time like The viscoelastic properties of complex media are often modeled in terms of equivalent mechanical circuits 40 .
This approach was applied to analyze the micromechanical behavior of actin networks, the cytoplasm and cellular membranes 12, 38, [41] [42] [43] [44] [45] In general, arising of the osmotic force discussed in this paper requires two conditions:
(i) density inhomogeneity of the complex fluid must be formed (giving rise to the spatial inhomogeneity of the osmotic pressure) and (ii) a slow diffusive mode must be responsible for the decay of this inhomogeneity. Such conditions are often fulfilled on the mesoscale in complex fluids. In the paper 48 resistance of adhered biomembranes to enforced unbinding has been recently explained by a transient inhomogeneous osmotic pressure of mobile ligandreceptor pairs.
Summary
Based on our previous computer simulations 1 we have proposed a mechanism responsible for the resistance of an actin network to the enforced motion of an embedded bead. It originates in the osmotic pressure exerted on the bead surface by the actin filaments.
The pressure arises, since the moving bead piles up filaments in front it, while many fewer filaments remain behind the bead. This mechanism describes the bead motion, obeying the power law 2 / 1 t x , and the subsequent viscous-like regime, t x~, as well as the dependence of the bead response on the actin concentration recently reported in 14, 15 .
where 4πη is an estimate of the friction coefficient, η is the water viscosity, B p k TL is the filament bending rigidity, x is the filament displacement, s is the coordinate along the filament and ( ) s δ is the δ-function. This yields the time-dependence of the length of the deformed portion of a filament: 
